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METHODS AND ARRANGEMENT OF DATA
The problem of analyzing and describing geographic variation is very difficult. One of the requirements is an unbiased arrangement of the data into a two-dimensional system. The methods used here satisfy that requirement.
The least variable and most valid indicator of body size for intraspecific comparisons in birds is generally considered to be wing length (Lanyon 1960, Selander and Johnston 1967 , and others). Increase in wing length represents increase in length of skeletal components as well as in length of feathers (Calhoun 1947) , and it parallels increase in fat-free body weight (Connell, Odum, and Kale 1960). Tail length, tarsal length, and a variety of other measurements are also allometrically related to body size (Power 1968) ; but since these measurements do not add information to the wing length-body size relationship they were excluded from consideration here. A discussion and analysis of the reliability of wing length as a predictor of weight is given in a later section.
Using specimens of the 12 species listed in Table  1 , the chord of the wing was measured to the nearest millimeter. Extreme care was taken to exclude juveniles and birds that showed feather wear or molt. The specimens are in the collections of the United States National Museum, the American Museum of Natural History, the Chicago Natural History Museum, and the Universities of Arkansas, Kansas, and Oklahoma. The University of Arkansas collection was supplemented by collections made by the writer in various sections of Arkansas in 1965 and 1966; these were preserved by the freeze-dry method and then were degreased in a Branson Cub degreaser.
Several precautions were taken to minimize the within-locality variation due to sex, age, or season. For the species that are migratory, only specimens taken in the breeding season were used (Table 1) . Sign tests on size differences between sexes, made by comparing pairs by locality (Siegel 1956 ) indicated that there was a significant size difference between the sexes in all of the species except the Hairy Woodpecker, Downy Woodpecker, Yellowshafted Flicker, and Common Nighthawk (Table  2 ). In the last three species the sexes were pooled for analysis.
Since more data were available for the Downy Woodpecker than for any other species, these measurements were subjected to two additional tests to find whether there might be within-locality differences due to age (immature versus adult plumage), season (due to the condition of molt or possibly some southward movement of larger northern birds in winter), or sex (Table 3) . Sex and age differences among 55 birds from Lawrence, Kansas, collected between September and March were subjected to a two-way analysis of variance. There were no significant differences in wing length due to sex or age (a =0.05). Sex and seasonal differences among 23 birds from Ft. Lee, New Jersey, were subjected to a two-way analysis of variance and also Taking the suggestion of Edgren (1961) that a good unbiased method for arranging the data would seem to be the use of a grid, I tried two ways of organizing the measurements. First, points where even-numbered latitude and longitude lines intersect on a map were chosen as arbitrary centers of circular samples. Each circle had a radius of 100 miles and all the birds collected within a circle were considered as one sampling unit. Circles were placed so that a minimum number would be needed to cover the specimens. This gave a grid of 101 partly overlapping circles (Table 4) such as is shown for the Downy Woodpecker in Figure 1 . Birds collected at localities where circles overlap were treated as pertaining to each circle. Mean wing lengths for these circular samples, when plotted on a map, present an unbiased, two-dimensional, moving average of size variation.
The second method was to obtain mean wing lengths by states (Table 5 ) and to plot these on a map. By interpolation, isophenes (lines connecting points of equal value for a phenetic character) can be drawn to show the pattern of variation. An example showing isophenes made by interpolations between means of circular samples is shown in Figure 2 , examples made by inter- 00 00 00 00 00 00 or.) 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 (Table 4 ) a computer and automatic plotter were able to achieve isophenetic lines for a contour interval of 0.5 mm, which show further refinements of the pattern of variation (Fig.  3) . As before, the primary dine increases northward and westward from Florida and this is modified by a southerly extension of larger birds in the Appalachian Mountains and a northerly extension of smaller birds in the Mississippi Valley. In addition, several more minor effects are apparent. There is a second southward extension of larger birds in southern Missouri, eastern Oklahoma and western Arkansas that corresponds to the interior highlands of the Ozark Plateau and the Ouachita Mountains. This is also evident in Figure 2 . In addition to the extension of smaller birds slightly farther north in the Mississippi River Valley, similar effects can be seen in the valleys of the Ohio River, the Red River between Oklahoma and Texas, and even up Chesapeake Bay. Larger birds extend southward down the lower peninsula of Michigan. Along the east coast from New Jersey to Massachusetts mean wing lengths do not vary. On the other hand, the sharpest gradient in the pattern for the entire area is in Texas, and it corresponds to the sharpest ecological gradient.
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Although these maps give the overall pattern of average size variation, they do not indicate intralocality variance. For instance, the Florida birds might cluster tightly around their mean, whereas the Wisconsin birds might range from 86 to 106 mm still having a mean wing length of 96 mm. Or there might be a zone within the area under consideration where there is an increase in overall variance. To discover whether this was the case, the standard deviations of 67 samples (Table 4) were subjected to Bartlett's test for homogeneity of variance. Bartlett's test statistic was 91.08 with 66 degrees of freedom. The probability of a larger chi-square statistic by chance was less than 0.023, so it was concluded that the variances were heterogeneous (a = 0.05). When the various sample standard deviations were plotted on a map, there was no pattern to their distribution. To test whether the heterogeneity was caused by the fact that some sample circles had crossed more complex parts of the isophene pattern than others, the same test was run again using the standard deviations of birds collected between two isophenetic lines ( 
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Isophenes for wing length in the Downy Woodpecker
(contour interval, 0.5 mm; data in Table   4 ).~~~~~~~~~~~.. ........
In females (Fig. 7) , the same pattern can be seen, except that the extreme northward extension of smaller birds occurs in the Ohio River Valley in southern Indiana and Ohio, rather than in southeastern Wisconsin and northwestern Illinois as with the males. This exception to the parallel patterns of variation results in an unusually great difference in mean wing length between the sexes in central southern Ohio. This may be an artifact in the data, for that particular section was represented by very few specimens. However, the mean wing lengths of five males and three females taken within 100 miles of lat.-long. 38-82 were 132.0 and 123.7 respectively. Figure 8 gives isophenetic lines for mean wing length of Carolina Chickadees made by interpolations between means for 19 states (Table 5 ). In both sexes there is an increasing size cline northward and westward from Florida modified by a southward extension of relatively large birds in the southern Appalachians and a northward extension of relatively small birds in the valley of the Mississippi River. The patterns of variation of the two sexes are virtually identical, with mean wing lengths of males being consistently 2 mm longer than those of females. Lunk (1952) made the interesting observation that the increasing dine northward is continued through the range of the sibling species Parus atriccapillus in the northern states.
Carolina Chickadee
Hairy Woodpecker Isophenetic lines for mean wing length in the Hairy Woodpecker were made by interpolations between means for 18 states (Fig. 9, Table 5 ). Although the sign test (Table 2) indicated that the sexes were not significantly different in size, data for males and females were plotted separately in order to see whether the patterns of geographic variation varied. Obviously they do not, and the pattern for both sexes is similar to those of all species discussed thus far. There is an increasing size dine northward and westward from Florida modified by a southward extension of larger 4. Isophenes for wing length in male White-breasted Nuthatches (contour interval, 0.5 mm; data in Table 4 ). birds in the Appalachians and a northward extension of smaller birds in the valleys of the Mississippi and Ohio Rivers. The pattern of the contour intervals of 0.5 mm for the wing lengths of female Hairy Woodpeckers reemphasizes that there is a trend for birds to be smaller west of the Appalachians and then larger again west of the Mississippi Valley (Fig. 10, Table 4 ). There seems to be a southeastward extension of larger females from the Ozark Mountains of northwestern Arkansas into the lower part of the valley of the Mississippi River.
Eastern Meadowlark
This open-country species has the same pattern of geographic size variation as the previous five species discussed (Fig. 11, Table 5 ). Although wing lengths of males average longer than those for females throughout the area considered, the patterns are nearly identical. An additional map giving the variation in males with a smaller contour interval emphasizes the sharp gradient toward very small birds in southern Louisiana and eastern Texas (Fig. 12, Table 4 ).
Six additional species
Red-shouldered Hawk.-A small series of 26 males taken from April to August demonstrates that wing lengths increase clinally northward and westward from Florida (Table 5) .
Sparrow Hawk.-There is a wide range of individual variation in this species, particularly in the females. An arrangement of 19 males and 31 females taken between May and August shows only that the smallest males occur in the Gulf states as expected (Table 5) .
Screech Owl.-A consideration of 83 males and 70 females arranged by means for circular areas of 100 miles radius (Table 4) shows an orderly size dine that increases northwestward. (Table 5) , show a gradually increasing size dine northward. The only sharp gradient in the dine in the area considered is in southern Florida.
Robin.-Wing lengths of 124 males taken from March 14 through August were arranged by circles. These show a size increase northwestward from the Gulf coast and a sharper increase westward beginning at the 100th meridian (Table 4) .
Interspecific concordance in size variation
Means of wing length measurements of the 12 species considered show regular dines increasing gradually northward and westward from Florida through the eastern and central states. Maps giving isophenetic lines show complex patterns with a high degree of concordant interspecific variation. In each case there is a trend for larger birds to extend southward in the Appalachian Mountains and for smaller birds to extend northward in the Mississippi River valley. For five species, a computer and automatic plotter were used to make maps having contour intervals of 0.5 mm for wing length. These maps for the Downy Woodpecker, the male White-breasted Nuthatch and the female Blue Jay show that, in addition to the pattern just mentioned, relatively longer-winged birds extend southward in the interior highlands of Arkansas, and relatively shorter-winged birds extend northward up several river valleys. This precise but subtle relationship between intraspecific size variation and topography will be discussed in a later section. The complex nature of continuously changing geographic variation is a warning against the dangers of stating mean measurements as if they were consistent within the boundaries of a , and also that single-character variation tends to be clinal (Sibley 1954 , and others). It appears that many boundaries between subspecies are the result either of dividing a dine for one character and assuming that the other characters vary concordantly, or of multiplying the error by dividing two or more discordant dines (Gillham 1956 ). Despite the many differences in viewpoint among systematists on the subject of the subspecies concept, there is widespread agreement that breaking up smooth dines is inadvisable.
Suggestions for alternatives to the subspecies as a unit offer only slight improvement. Wilson ..............   ..................   . . . . ...............  . . . ......... ... All 12 of the species considered here are currently regarded as divisible into northern and southern subspecies in the eastern United States (AOU Check-List of North American Birds 1957), and in each case the primary criteria for the divisions have been that size increases northward. The fact that the boundaries between the described subspecies reflect the actual pattern of variation is a credit to the work of the early taxonomists. Color criteria such as concordant increasing paleness in the Downy Woodpecker and in the White-breasted Nuthatch or nonconcordant increasing paleness westward in the Blue Jay and in the Carolina Chickadee were also used. But the fact that the variation in both size and color is entirely clinal was acknowledged from the first (Ridgway 1914 : 203, Mengel 1965 . The present study is limited to an analysis of one character, but the probability that the inclusion of other characters would have verified the usefulness of the present subspecific divisions is not high.
The question of a method of designating dines is simpler than the one of designating geographic variation as a whole. By considering one character at a time an n-dimensional problem is reduced to a two-dimensional geographic problem (or three if you consider time). Huxley (1939 Huxley ( , 1942 suggested transforming the data to a scale of 0-100, plotting it on a map, and connecting points of equal value by isophenetic lines. It is similar to the system used here, except that I believe the actual measurements are more meaningful than a scale. Sibley (1954) Table 5 ). variation should be expressed as a numerical function of those factors in the environment to which it is most highly related. An attempt toward that end is made in the next section. If one of the goals of systematics is to "detect evolution at work" (Huxley 1939 ), this approach might lead in the right direction.
CORRELATIONS WITH CLIMATIC GRADIENTS
Thus far it has been shown that the interspecific concordance in geographic size variation in the birds considered here is more precise than is generally recognized. In addition, the common pattern of variation can be related to latitude and topography to an unexpected degree. This suggests that the link between these two phenomena might be very precise morphologic adaptation to climatic gradients.
Values for a series of climatic variables were obtained by plotting weather station data on a map and interpolating to the centers of the sample circles used for wing length data. Mean noon drybulb and wet-bulb temperature data were taken from Summer Weather Data (1939). Mean vapor pressure, vapor pressure deficit, and absolute humidity values were computed by combining i) dry-bulb temperature and relative humidity readings from the Climatic Maps of the United States (U.S. Dept. of Commerce, Wash., D.C.), ii) Tables 4 and 5 in Psychrometric Notes  and Tables (Torok 1935) , and iii) A Table 5 ). between patterns of size variation and patterns of climatic variation. Since the climatic variables are highly interrelated, and since the birds can obviously not react to them except in combination, this method was preferred to a multiple regression analysis in which the interpretation of partial regression coefficients is made difficult by the fact that they express a hypothetical situation in which other variables are held constant.
Highly significant negative correlations (r) were obtained between the wing length of Downy Woodpeckers and the climatic variables tested (Table 6 ). The close relationship between the patterns of variation of mean seasonal or mean annual dry-bulb temperatures and the pattern of size variation would have been predicted by Bergmann's ecogeographic rule. Correlation coefficients for seasonal and annual maximum and minimum dry-bulb temperatures were not significantly different from these coefficients for the means (data not given). Note particularly in Table 6 that in the Downy Woodpecker the r values between wing length and seasonal or annual wet-bulb temperature, vapor pressure, and absolute humidity are all either equal to or higher than correlations with dry-bulb temperature. These last three variables reflect the combined effects of temperature and humidity. The obvious indication is that the size of Downy Woodpeckers is more highly related to the combined effects of temperature and humidity than to dry-bulb temperature alone. Plant ecologists use several statistics which combine temperature and humidity to interpret relationships between plant growth, plant distribution, and climate. Two of these, annual vapor pressure deficit and actual annual evapotranspiration, were tested here to see whether they are related to the complex pattern of size variation in the Downy Woodpecker. The correlation coefficients for annual vapor pressure deficit and actual evapo- (Table 7) between the mean wing lengths of seven other species (Table  4) Tables 6 and 7) the correlations are higher with wet-bulb temperature than with dry-bulb temperature. The first four species in Table 7 are permanent residents, yet there are no consistent major differences between the wet-bulb temperature correlations for January wet-bulb temperature and annual wetbulb temperature. The highest correlations for the Screech Owls and the Chickadees are in January. If one takes the position that the periods having the highest correlations represent critical periods of the year for these species, one should note also the r values for April for male Hairy Woodpeckers, July for females, summer for Carolina Chickadees, and July for female Whitebreasted Nuthatches and male Robins. In general all these species are either permanent resident birds or short-distance migrants. For all, except female White-breasted Nuthatches, which show very little geographic variation in size in the area considered, annual wet-bulb temperature is a good predictor of wing length, which is in turn a function of size. Linear regressions of mean wing length on mean annual wet-bulb temperature are given for nine species in Table 8 .
An alternate way of expressing these same relationships would be in terms of the mean annual (Table 4 ) and the mean annual total heat of the air (Fig. 13) . The two variables are highly correlated (r --0.90, n -75, a -.001). For a mean annual increase of 1 BTU per pound of air, mean Downy Woodpecker wing lengths decrease by an estimated 0.46 mm. In summary, the complex parallel patterns of size variation demonstrated in the maps are highly correlated with climatic gradients that are combinations of the effects of temperature and humidity. All have one extreme in the southeast from which there is clinal variation northward and westward. Even the secondary modifications of these dines that can be seen in the similarities between the wing length patterns and topography are more precisely related to wet-bulb temperature than to dry-bulb temperature patterns.
THE ADAPTIVE SIGNIFICANCE OF GEOGRAPHIC SIZE VARIATION
In the opinion of many physiological ecologists, intraspecific geographic size variation in homeotherms has no adaptive value with regard to the temperature economy. of the organism. Scholander (1955 Scholander ( , 1956 ), Irving (1964) and others have shown that alterations in the insulative properties of the skin, fur, or feathers, and in behavior, permit a wide range of tolerance to temperature variations, far in excess of any advantage that might be gained by a small change in body mass.
Nevertheless, there is also evidence that increased mass does confer some physiological advantages to the tolerance of cold. For 31. species of birds Herreid and Kessel (1967) determined that larger birds have relatively heavier plumage and more effective heat insulation than smaller birds. And Kendeigh (1969) states that "Increased size appears of obvious physiological ad- Table 4 . Correlation coefficients, sample size, and significance levels in Tables 6 and 7. vantage for tolerating cold in several ways: 1) reduction in relative amount of energy required for existence, 2) lower metabolic stress per degree drop in temperature, 3) extension of zone of thermoneutrality to a lower critical ambient temperature, and 4) lower extreme limits of tolerance." Although the studies mentioned are based on interspecific differences, there is no reason to belive that they do not also apply to intraspecific differences (Kleiber 1961 : Kendeigh 1969 . Thus, the possibility remains that, in addition to the thermoregulatory adaptations of homeotherms to diurnal and seasonal temperature variation's, there is a tendency toward an optimum mass at each particular climate. For those species that vary in size geographically, both phenomena may operate at the same time.
For a bird under normal conditions to maintain a constant temperature there must be an equilibrium between the heat production and the various avenues of heat loss. The dissipation of heat occurs primarily by radiation, conduction, convection and evaporative cooling. King and Farner (1964) where Qp, is the rate of heat production, Q, the rate of heat loss, q, the rate of loss by conduction and convection, qr the rate of loss by radiation, and q, the rate of loss by evaporation. They suggest that this relationship can be approximated by a combination of several physical laws as QP = Ql asvp(p.
-e) + aO (t8 -te)
where a is the heat transfer constant, s the area of the evaporating surfaces of the respiratory system, iv the ventilation volume rate, P a proportionality constant, P8 the water vapor pressure at the evaporating surfaces, p, the vapor pressure of inhaled environmental air, 0 an empirically derived coefficient based on insulation (resistance to heat flow), t8 the temperature of the body surface, and evaporative heat loss, and the second (2) is the Newtonian cooling model which approximates the rate of heat loss (or gain) due to the combined effects of conduction, convection and radiation. Adjustments to environmental changes in vapor pressure (pe) and temperature (te) may be accomplished by compensatory alterations in the ventilation volume rate (vb) of the first element, or in certain insulative properties (0) of the second element such as changes in cutaneous blood flow, arrangement of feathers, posture, etc. As environmental temperature approaches body surface temperature, the possible heat dissipation by convection, conduction and radiation (2) Taking the Downy Woodpecker as an example, an attempt was made to summarize these proposed relationships between geographic size variation, metabolic rate, and climate. One serious problem with this endeavor is that weight data for birds are considered to be only moderately reliable as a predictor of size (mass). Variable fat levels and water content can cause diurnal or seasonal weight changes that obscure the basic condition. Nevertheless, for the weights of 171 Downy Woodpeckers taken in mist nets near Pittsburgh, Pennsylvania, a two-way analysis of variance of sex and seasonal effects showed neither to be significant (Table 9 ). For these same birds a two-way analysis of variance of sex and seasonal effects on the wing length data showed both to be significant (Table 9 ). The fact that earlier analyses showed no statistically significant differences between sexes or seasons at two other localities (Table 3) indicates interlocality variation at least with regard to sexual dimorphism. The seasonal differences in the Pittsburgh data are probably due largely to feather wear. However, adjusting the wing lengths for sex or season using covariance analysis did not improve the power of the wing length data to predict weight.
Since pears to be a tendency for the birds to have an optimum weight (and metabolic rate) that is correlated very precisely with the temperature and moisture conditions of the climate. These relationships can be summarized by mathematical expressions that relate wing length to mean annual wet-bulb temperature or to mean annual total heat per pound of air. The high degree of concordance between size, metabolic rate, and these climatic variables does not necessarily imply any direct causal relationship. The possibility remains that the climatic variables affect the vegetation or the insect food supply which in turn affect size and metabolic rate. On the other hand, the relationships are consistent among the species considered, even though they occupy a variety of habitats and vary in their feeding habits.
BERGMANN 's ECOGEOGRAPHIC RULE
The best known of the ecogeographical generalizations describing parallels between morphological variation and climatic gradients is Bergmann's ecogeographic rule, which as presently defined by Mayr (1963) states that "races from cooler climates tend to be larger in species of warm-blooded vertebrates than races of the same species living in warmer climates." Mayr adds that the rule is independent of any physiological interpretation of the selective advantages of larger size in cooler climates, that it applies only or mainly to intraspecific variation, and that it is convincingly supported by the high percentage of cases in which it holds true. His definition evades the challenge of physiological ecologists to the classical interpretation of Bergmann's rule, that larger animals withstand cold better because of a reduced surface to volume ratio. Nevertheless, Bergmann's paper (1847) was entitled "Ueber die Verhdltnisse der Wdrme6konomie der Thiere zu ihrer Grdsse" and he clearly intended to demonstrate a relationship between the temperature budget of the organism and the temperature of its environment.
With the help of Margaret Middel, a German graduate student at the University of Arkansas in 1968-69, I was able to translate a major part of this important paper. Since it has been frequently misinterpreted, I am offering some sections of the translation in the appendix.
The following is a short summary of the three major points in Bergmann's paper:
1. The constant temperature of homeothermic organisms is maintained by a balance between the production of warmth within the volume of an animal and the loss of warmth from its surface. In nature this phenomenon would be countered by the increased evaporation due to the increased vapor pressure gradient between the respiratory surfaces of the bird and the dry air of the desert. Could this also be an adaptation to the conditions of high latitudes and altitudes as well as arid conditions ? Could this factor be operative on the intraspecific level ? I believe so. Since the capacity of air to hold moisture decreases with decreasing temperature, cold air is exceedingly dry. When cold dry air comes in contact with a moist warm respiratory surface, the air is warmed by contact and becomes relatively even drier. For a homeothermic organism, cold air as well as hot dry air causes increased evaporation (Visher 1924: 57, 63). It appears that Snow's "latitude effect," Hamilton's "aridity" or "relative humidity effect" and the voluminous literature relating the size of homeotherms to latitude and/or altitude may all be part of one complex phenomenon, a precise relationship between mean body size and the combined effects of temperature, moisture, and possibly other climatic variables. Environmental variables that are a function of both temperature and moisture conditions (such as wet-bulb temperature, vapor pressure, and absolute humidity) have patterns of variation that include highest values in the southeast and lower values northward (colder) and westward (drier). These are negatively correlated with the patterns of intraspecific size variation in birds. Kittredge (1938) found that this same pattern is correlated with forest types and with their growth rates.
The limitation of the ratio of its body
